1 -Most of the geometric analysis of the structure of electrical trees has been performed using a two-dimensional (2-D) approach. However, electrical trees grow three-dimensionally (3-D). The authors have recently shown that electrical trees can be 3-D imaged. A 3-D virtual replica can be created and through it, the tree characteristics analysed. Laboratory created electrical trees in polymeric insulation were scanned using X-ray computed tomography (XCT) for 3-D model reconstructions. Here global parameters such as diameter of tree channels, tree surface and volume are determined. The fractal dimension from 2-D projected patterns are shown to be lower than the fractal dimension from the entire 3-D model for both bush and branchtype trees. Local parameters such as numbers of channels, area covered by them and proportion of area degraded at a given cross-section are also calculated. Using the skeleton for analysing the tree structure, indices such as number of vertices, segment length, vertex density, tortuosity and branch angle are presented. Among them, vertex density provides a marked difference in value between a bush and a branch-type electrical tree. Using this 3-D approach for analysis achieves a more complete insight into treeing phenomena.
INTRODUCTION
A main mechanism of failure of polymeric high voltage insulation is electrical treeing. Electrical trees are well known artefacts of ageing in polymers, readily grown in the laboratory under high electrical stresses. Imaging these artificially created electrical trees has been an important tool for studying the phenomenon and getting a deeper understanding of how trees develop [1] . The most common imaging techniques are optical microscopy, scanning electron microscopy (SEM) and transmission electron microscopy (TEM). These techniques have the limitation of providing only a two-dimensional (2-D) view of the feature, therefore, loosing information that may be valuable in the analysis. We have shown that electrical trees can be three-dimensionally (3-D) imaged. Virtual replicas of electrical trees can be created using X-ray computed tomography (XCT) [2] or Serial Block-Face SEM (SBFSEM) [3] . Through them, the entire 3-D structure can be analysed and new quantification tools are now available. In this paper, we exploit the 3-D data obtained by XCT for structural quantification of electrical trees.
Tree structure characterisation and quantification
Conventionally, using optical means, electrical trees have been characterised by their 2-D shape [4] [5] [6] , length [4, 6, 7] , growth rate [5, 8] , ratio of the width and the length [4] and 1 R. S. is also with Universidad Tecnica Federico Santa Maria, Valparaiso, Chile fractal dimension [4, [6] [7] [8] [9] . Fractal dimension has become in some degree a standard quantifier for characterisation of the structure (shape) of the electrical tree. It has been stated in [10] that the fractal dimension (D f ) for branch-type patterns is within the range of 1 < D f < 2 and for bush-type structures 2 < D f < 3. This parameter is important since it is related to the tree growth rate: a lower fractal dimension (branch-type) results in shorter time to breakdown [6, 8] .
Fractal dimension has typically been calculated using 2-D projected patterns due to the convenience of obtaining 2-D images of the tree. Only a few attempts of estimating fractal dimension from 3-D patterns of real electrical trees (not simulated) have been carried out; a review of them is found in [9] . Those studies used optical serial sectioning and optical computed tomography for 3-D reconstruction of the tree. The authors pointed out that for dense (bush) electrical trees, the fractal dimension of 2-D projected patterns differs from that of the complete 3-D pattern, because the overlapping in the 2-D projection. Also, worth noting is that not only the amount of 3-D data reported is scarce, but also that the resolution provided by the imaging techniques used at that time (10 m/px at the best using sectioning method) is considerably less that the resolution acquired by the techniques available now, such as XCT presented here (around one micrometre).
Using a 3-D approach with the XCT and SBFSEM imaging techniques, we have characterised electrical trees through global parameters (of the entire tree) such as mean diameter of the tree channels, tree volume and proportion of volume degraded [2, 3] ; and local parameters (considering a crosssection) such as number and area of tree channels, and proportion of area degraded.
Tree structures are encountered in the human body too. For example, bronchial and vascular networks are tree-like structures that have been characterised for modelling and diagnosis purposes [11, 12] . The tree geometry has been quantified by indices such as number of segments or branches, length of the branches, branch angle, ratio of branch length to diameter, ratio of diameter to parent diameter and ratio of length to parent length, amongst others. However, vascular networks are different to electrical trees as their function is to transport fluids, and therefore, the structure is governed by the idea of feeder and receiver, where a parent vessel is larger in diameter than a child vessel, questioning the usefulness of some of these parameters in their application to electrical trees. Nevertheless, some of these 'biomedical indices' are calculated in this paper for further evaluation of electrical trees. II. METHODOLOGY Samples were prepared using the conventional point-toplane configuration with a gap of ~ 2 mm between the needle tip and the bottom of the sample. Electrical trees were grown until the desired tree length was reached. Afterwards, the samples were machined to create a 2-3 mm diameter cylinder of polymer containing the tree to be imaged by the XCT scan. For an explanation of tomography procedures refer to [2] .
A. Sample 1
A bush-type electrical tree was created in a transparent polymer and XCT-imaged as described in [2] . The reconstruction of the tree resulted in a total of 512 cross-section slices with a voxel (volumetric pixel) size of 1.07 m and the feature was image-segmented using Avizo 7.1 software (VSG, Burlington, MA, USA). For the analysis and quantification, a selection of 356 slices (381 m) was considered.
B. Sample 2
The sample consisted of an epoxy resin cube (Huntsman Araldite® LY5052 -Aradur® HY5052) of 25 mm edge with an acupuncture needle inserted (Hwato® 0.35 mm, ~5 m tip radius). The sample was stressed under 10 kVrms 50 Hz until the electrical tree was optically noticeable. The resulting feature was a branch-type electrical tree of around 200 m length. The sample was scanned for 60 h using an Xradia nano-XCT-100 microscope at 150 nm resolution, during which time 721 radiographs were taken over 180º. Due to the limited field of view of the system (~60 m), the tree was not entirely imaged. The feature was reconstructed with a voxel size of 0.13 m and segmented using Avizo software for 3-D rendering and further analysis. A total of 325 slices, giving 42.1 m length along the tree were used for the analysis.
C. Sample 3
A similar procedure as for Sample 2 was followed for Sample 3, using the same material and needle type. The same stress voltage was applied and removed as soon as an electrical tree was perceived, aiming to create a small tree. The resulted feature was an electrical tree less than 100 m of length that was scanned using an Xradia VersaXRM-510. For the tomography scan, which took 22 h, 1501 radiographs were taken over 360º. The voxel size of the reconstruction was 0.37 m and 160 slices (giving a 59 m section) were selected for the 3-D model creation and calculations, described in the following section.
Calculation of indices for electrical tree characterisation
With the 3-D model created, electrical tree characteristics were quantified. Considering the entire electrical tree, global parameters were calculated, including the mean diameter of the tree channels using the local thickness plugin for ImageJ software. Surface area, volume and convex hull volume of the tree were measured using Avizo. The convex hull is the smallest convex polyhedral surface that contains the entire feature [3] . From these, two indirect parameters were calculated: the surface-to-volume ratio, and the ratio between the volume and the convex hull volume, which was termed 'proportion of volume degraded'. Furthermore, the fractal dimension of the tree structure was estimated using the box counting method in Matlab. According to the method, the value reported is the slope of the logarithmic plot of the number of boxes against the reciprocal of the size of the box that was used to fill the feature. This was also calculated in 2-D for comparison by projecting the 3-D virtual image onto the three orthogonal planes (xy, xz, yz), where z is the axial direction of the tree, parallel to the needle. Local parameters were developed by considering xy cross-sections through the tree to investigate the change in the tree structure along its axial direction. The number, area and 2-D convex hull area of tree channels in each slice were determined using Matlab. In addition, the proportion of area degraded was defined as the ratio between the channels area and the convex hull area.
Interconnected structures can also be analysed as networks by generating a 'skeleton', consisting of line segments following the centres of the channels connected at branch points (vertices). The number of vertices and segments, as well as the mean segment length between branch points were calculated. Vertex density was defined as the ratio between the number of vertices and the convex hull volume. Additional characteristics were calculated including the 'end point fraction', which is the proportion of vertices which denote end points of the channels (with the scan volume) rather than branch points; branching order, which is the average number of segments connected to each vertex (the branch order must be 3 in order for the vertex to be a branch point); and branch angle, which is the mean angle between line segments at a branch point. The branch angle was derived by first specifying a 'parent' line segment for a given vertex, this being the line segment that is reached first when traversing the tree from the start point of the tree. The vector angle between the beginning sections of the parent and each child line-segment was then calculated. The 'straightness' of paths through each tree was measured by calculating the tortuosity of the shortest paths from the tree starting point to each end point, with the tortuosity being the ratio between the length along the route and the Euclidean distance from the start to end point. Finally, the ratio between the length and the diameter of the branches was calculated.
III. RESULTS AND DISCUSSION
Three-dimensional renderings of the electrical trees are shown in Fig. 1 . Animations of the cross-sections (slices) along the progression of the tree and virtual animations with the 3-D replica axially rotating can be seen in [13] .
The results of the calculations for electrical tree characterisation are summarised in Table 1 . Values calculated over a set of points giving a frequency distribution are presented in the form of 'mean value ± standard deviation'. While it should be noted that different polymers, stress times and scan settings were used, it is reasonable to compare and evaluate the parameters for characterisation and structural discrimination, as Sample 1 represents a relatively large bushtype tree, while Samples 2 and 3 are relatively small branchtype trees. The mean diameter of the tree channels were similar for Sample 2 and 3 (~2 m), but larger for Sample 1 (~4 m). However, this difference may be attributable to the polymer and stress time. In addition, the imaging resolution (related to the voxel size) makes the diameter value for Sample 1 less precise. It can also be noticed that the vertex density was around one order of magnitude different between the two groups of samples (Sample 1 vs. Sample 2 and 3). Other indices useful for classification may be the end point fraction (0.2 vs. 0.5) and the degraded volume (e.g. accumulated up to 30 m gave almost two order of magnitude difference). The average value of ~3 for branching order reveals that normally a branch splits into two new branches ('Y' structure); the branch angle of that bifurcation is around 65º (relative to the parent branch, or ~130º between child branches). It is interesting to observe that the segment-length-to-diameter ratio was virtually constant amongst the samples.
Fractal dimension values from the 3-D patterns were in accordance with the conventional classification for branch or bush tree (fractal dimension below 2 for branch-type tree). However, for 2-D projected patterns that criterion did not apply in the cases analysed here. In [9] it was suggested that for a high fractal dimension tree (bush-type) the 2-D value is lower than the 3-D, because the loss of information in the projection; but, for a low fractal dimension tree (branch-type), the 2-D value should be similar to the 3-D one. However, the results obtained here showed that the fractal dimensions from the 2-D projected patterns are lower than the real 3-D values in all cases (11-16%) . This confirms that it is essential for the electrical tree to be analysed in 3-D for realistic values to be obtained.
Additionally, local parameters were measured on a slice that was 30 m distant from the tree starting point (where data was gathered for Table 1 ). As expected, a noticeable difference in channels' areas and accumulated degraded volume was observed between Sample 1 and Samples 2 and 3.
A cross-sectional analysis was carried out as is depicted in Fig. 2 , where the number of electrical tree channels (continuous line) and the proportion of area degraded (dashed line) for each sample is plotted as a function of the distance from the tree starting point. For Sample 2, the values are shown from 5 m to obtain better resolution in the plot. The proportion of area degraded approaches 100% close to the tree starting points of Sample 2 and 3, as well as towards the end of Sample 3, which is due to there being only a few tree channels, yielding to a convex hull area similar to the channel area. The scattering of the data in the plot of Sample 2 and 3 is mostly attributed to fewer features to count.
Further analysis was conducted by dividing Sample 1 into three sections to investigate the variation in the parameters. The entire stack of slices was divided in ratios of 15% (54 slices -58 m), 70% (249 slices -266 m) and 15% (53 slices -57 m) for Section 1 (close to the tree starting point), Section 2 (middle part) and Section 3 (furthest from the starting point within the analysed volume), respectively. It has to be noted that Section 3 is not where the tree tips were located, is the last part of the data analysed in this paper. This is the reason why some index values were similar between Section 2 and 3. The original last part was cropped because the data were noisy, making it difficult to analyse. The results for the global parameters are summarised in Table 2 . The mean diameter of the tree channels in Section 1 is almost double that of the other sections (8.2 m vs. 4.2 m) and moreover, the proportion of volume degraded is considerable greater (13.3% vs. 3.8% and 2.0%, for sections 1, 2 and 3, respectively). 
IV. CONCLUSIONS
Detailed characterisation of electrical trees with a 3-D perspective has been presented. Virtual replicas of electrical trees have been created using X-ray computed tomography from which conventional and new parameters were calculated and evaluated for structure discrimination. One bush-type and two small branch-type electrical trees were analysed. Global parameters such as diameter of tree channels, tree surface area and volume were found to be informative. The fractal dimension of the trees, as calculated in 3-D, was confirmed as being an important discriminator. However, the 2-D measurements of fractal dimension (derived from the projected patterns generated by the 3-D replicas) by comparison were in all cases (for both bush and branch type tree structures) considerably lower and potentially misleading. This stresses the importance of analysing electrical trees using a 3-D approach.
The electrical tree structure has also been analysed as a network through its skeleton. Indices were computed, such as number of vertices, segment length, vertex density, tortuosity and branch angle, amongst others. It was observed, as expected, that vertex density provided a marked difference between a bush and a branch type electrical tree (1×10 -4 m -3 and 1.4-2.5×10 -3 m -3 , respectively).
A more complete analysis is achieved when the 3-D approach is used, because it discloses the entire structure of the tree. The new parameters presented here for electrical tree characterisation add valuable information about the structure of the tree.
